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NI  MO  iype  acrylic  spherical  hulls  have  been  subiectcd  to  undei  water  \Xploxions  in  oidei  to 
dcteimmc  then  resistance  to  hydrodynamic  lo'p.ilw  loading  S;\  15  m 01)  and  one  Worn  -OD 
vpheses  have  been  subjected  to  explosions  of  sufficient  magnitude  to  initiate  ftaeture  in  the  hull. 
Hie  tests  vvetc  conducted  at  simulated  depths  of  H).  ItX).  1000.  and  21100  it  with  explosive 
charges  ot  1 .1 . * 2.  14  <».  Ire)  a,  tS’ s.  and  r»SS  (•  grains  1 . Y 
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20.  Continued. 

The  tests  have  shown  that  an  acrylic  sphere  will  fracture  in  the  0-  to  50-ft  depth  range  under 
dynamic  peak  overpressures  that  are  smaller  in  magnitude  than  static  pressures  required  for 
general  implosion  of  the  sphere.  At  the  depth  that  is  equal  to  0.2  of  static  implosion  pressure, 
the  magnitude  of  dynamic  peak  overpressures  must  be  in  excess  of  the  static  implosion  pressure 
before  fracture  of  the  acrylic  sphere  is  initiated. 

zj  Fractures  were  generally  initiated  on  the  internal  surface  of  the  sphere  at  two  locations;  (a) 
at  a point  closest  to  the  explosive  and  (b)  at  a point  farthest  from  the  explosive.  The  fractures 
were  generally  in  the  shape  of  a star. 
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SUMMARY 


PROBLEM 


Manned  submersible*  with  spherical  acrylic  plastic  hulls  have  been  known  since  the 
NEMO  hull  was  designed  in  1%  1 to  provide  greater  panoramic  vision  at  lower  cost  and 
weight-to-displacement  ratio  than  steel  hulls  {of  the  same  shape,  size,  and  depth  capability) 
equipped  with  many  small  viewports.  Several  submersible*  with  NEMO-type  hulls  have  been 
built  since  that  time  by  the  U.  S.  Navy.  After  more  than  5 years  of  service,  the  acrylic  hulls 
have  been  found  to  be  virtually  maintenance  free  and  have  shown  no  sign  of  weathering. 
There  is.  however  one  area  of  uncertainty  that  currently  restricts  the  choice  of  missions  for 
submersible*  with  acrylic  hulls,  it  is  not  known  how  resistant  the  spherical  acrylic  hull  is  to 
hydrodynamic  impulse  loadings  generated  by  explosive-actuated  tools  like  cable  cutters,  stud 
guns,  explosive  anchors,  corers.  and  others.  If  the  resistance  of  NEMO-type  hulls  to  under- 
water explosions  were  known  acrylic  submersible*  could  be  utilized  in  missions  for  which 
explosive  tools  are  mandatory  for  meeting  the  mission  objective. 


RESULTS 


An  exploratory  test  progiam  has  shown  that  spherical  hulls  of  acrylic  plastic  can 
withstand  dynamic  impulses  of  considerable  magnitude  before  fracture  of  the  hull  is  initiated 
Increasing  the  depth  of  operation*  was  found  to  increase  significantly  the  resistance  of  the 
acrylic  hull  to  fracture  initiation  by  dynamic  impulse's.  The  NI  MO  Mod  2000  hull,  with  a 
hb-in.  outside  diameter  and  4-in.  shell  thickness,  has  been  found  to  withstand  explosion- 
generated  peak  dynamic  overpressure  of  4,*>2?  psi  without  initiation  ot  fracture. 

RECOMMENDATION 


Manned  submersible*  with  NEMO-type  spherical  hull*  of  acrylic  plastic  may  be  safely 
utilized  in  search,  rescue,  salvage,  and  work  missions  where  explosive-actuated  work  tools 
are  routinely  utilized  for  achievement  of  mission  objective*,  provided  that  the  peak  dynamic 
overpressure  impinging  on  the  acrylic  hull  i*  less  than  25  percent  ot  'latte  implosion  pressure 
of  the  hull. 
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Underwater  visibility  is  extremely  important  to  crews  of  submersibles  engaged  in 
search,  salvage,  or  work  missions.  Panoramic  visibility  can  be  provided  in  many  ways,  but 
large  spherical  acrylic  plastic  windows  are  considered  to  provide  the  most  cost  effective  and 
reliable  way  of  meeting  this  operational  requirement  ( Ref.  1 ).  An  even  better  way  is  to  use 
a transparent  acrylic  plastic  hull  of  spherical  shape  (Ref.  2).  Not  only  does  it  provide  un- 
limited visibility  in  all  directions,  but  it  also  generates  a significant  amount  of  buoyancy. 
Furthermore,  such  a hull  is  non-magnetic.  provides  unsurpassed  thermal  and  sound  insula- 
tion. and  is  virtually  maintenance  free.  Because  of  its  transparency,  it  can  be  inspected  for 
incipient  cracks  visually  by  its  crew  at  any  time.  This  feature  alone  makes  acylic  pressure 
hulls  inherently  safer  than  those  fabricated  from  opaque  materials  that  require  expensive  and 
time-consuming  inspection  procedures  for  detection  of  cracks. 

The  performance  of  spherical  acrylic  pressure  hulls  under  short-term,  long-term,  and 
cyclic  pressure  loadings  has  been  experimentally  established  over  the  years  by  U.  S.  Navy 
( Refs.  .'*12)  so  that  submersibles  with  spherical  acrylic  plastic  hulls  can  he  economically 
built  and  operated  in  the  0-  to  .'500-11  depth  range.  Several  submersibles  with  aery  lie  plastic 
hulls  have  been  already  built  and  are  operating  in  that  depth  range  (Refs.  15.  14.  15).  I'heir 
performance  record  is  excellent,  and  acrylic  plastic  hulls  that  have  been  exposed  to  sun.  sea- 
water. and  heat  for  6 years  still  show  no  signs  of  deterioration. 

In  many  undersea  missions,  the  submersible  may  be  exposed  to  explosions  generated 
intentionally  by,  for  example  the  firing  of  a stud  gun  or  cable  cutler  during  a ty  pieat  under- 
water work  sequence.  During  some  missions,  the  submersible  may  be  subjected  it*  seven* 
explosions  unintentionally . e.g..  during  recovery  or  neutralization  ot  underwater  ordnance 
l Ref.  I ).  The  effect  of  underwater  explosions  on  submersible  bulls  made  of  steel  ts  tairly 
well  understood  and  the  resistance  to  dynamic  overpressure'  can  be  readily  calculated,  lilts 
is  not  the  ease  with  aery  lie  plastic  pressure  hulls  or  large  spherical  sector  windows. 

This  report  summarizes  findings  from  the  first  exploratory  study  conducted  by  the 
tf.  S.  Navy  on  tin*  effect  of  underwater  explosions  on  acrylic  plastic  spherical  bulls  ol 
N!  MO-type  design  and  construction. 


INSCRIPTION  OF  STUDY 

I he  objective  of  the  study  was  to  provide  operators  of  existing  aery  Ik  plastic  submer- 
sible* iNF  MO.  Makakai.  Johitson-Sca*Fink  I and  Johnvm-Sea-l  ink  II)  with  operational  guide- 
lines for  missions  in  w hich  the  submersible  may  be  exposed  to  underwater  explosions 

the  approach  selected  for  meeting  the  objective  ol  the  study  was  experimental  in 
nature  It  was  felt  that  the  experimental  approach  was.  in  tins  case,  more  direct,  more  relia- 
ble. and  less  expensive  than  an  analy  tieal  approach,  which  would,  subsequently . have  to  Ik* 
experimentally  validated  before  t!  could  tv  used  with  confidence  by  operators  of 
submersibles. 
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The  scope  of  the  study  was  limited  to  spherical  hulls  of  NEMO  design  and  construc- 
tion with  1000  and  3000  It  maximum  operational  depths.  Only  two  sizes  of  hulls  were  to  he 
tested:  the  66-in. -OD  full-si/e  and  the  15-in.-Ol)  scale-si/e  spheres.  The  NEMO-type  design 
uses  a sphere  with  two  penetrations  located  at  opposite  poles  of  the  sphere:  each  penetration 
is  closed  with  a metallic  closure  equipped  with  a conical  seating  surface.  In  NEMO-type  con- 
struction. the  sphere  is  assembled  from  12  spherical-sector  pentagons  bonded  together  with 
self-polymerizing  acry  lic  cement. 


EXPERIMENTAL  DESIGN 


TEST  SPECIMENS 

Two  NEMO  capsules,  one  66-in .-Ol)  full-size  and  six  15-in.-OD  scale-size,  served  as 
test  specimens  d igs,  t and  2t.  Both  NEMO  Mod  600  with  1000-fi  operational  depth  and 
NEMO  Mod  2000  with  3000-ft  operational  depth  were  utilized  (Table  1 and  Appendix  A). 
Both  the  full-size  and  scale-size  NEMO  capsules  have  been  exposed  previously  to  cyclic 
fatigue  testing  and  thus  can  be  considered  to  he  equivalent  to  submersibles  with  several  y ears 
ol  field  service  t Ret.  ! I ). 

All  specimens  were  fabricated  from  Plexiglas  G,  whose  physical  properties  met  the 
l'.  S.  Navy  and  ASM!  requirements.  The  spherical  hulls  were  assembled  tn  every  case  t om 
thermoformed  spherical  pentagons  that  were  bonded  together  with  either  PS- 1 S or  PS-30 
self-poly  men 'ing  adhesive.  The  scale-size  hulls  had  polar  inserts  machined  either  trom  stain- 
less steel  or  titanium  d igs.  3-6).  while  the  full-size  hull  utilized  aluminum,  both  tor  top 
h ich  and  bottom  penetration  plate  (Etg.  ~). 

TEST  ARRANGEMENT 


Seale  Size*  NEMO  Capsules 

The  testing  of  \calc-stze  models  U*ok  place  in  a 30-m.-lf)  ptessure  vessel.  20  It  long, 
located  at  the  Southwest  Research  Institute.  The  test  specimen  was  placed  m a test  tig  that 
held  it  approximately  1 20  m Mow  the  end  closure  and  I 20  in.  above  the  bottom  closure 
(Etg.  S).  To  prevent  point  contact  between  the  test  specimen  and  the  steel  test  ng.  the  spovi- 
nun  was  wraptvd  m a wire  net  that,  m turn,  was  tastened  to  the  three  longitudinal  members 
ot  the  test  ng. 

The  explosive  was  suspended  above  the  test  specimen  by  means  . t two  horizontal 
wires  stretched  between  the  longitudinal  nieintvis  ot  the  test  pg  It  was  sente  ted  drr>Mly 
above  the  center  ot  the  tesi  specimen,  with  the  st.mdotf  tving  vie  lined  as  tin-  lidatisv  e tween 
the  center  of  explosive  and  the  outer  surface  ol  the  test  specimen  lasing  tin-  shatge  it  ig  *Ji 

The  instrumentation  consisted  solely  of  two  tourmaline  piezoelectric  transducers  lor 
measurement  of  dynamic  overpressures  The  tranwlusers  were  positions'll  admen  t to  the 
irunlel  and  wen-  'he  same  diwanoe  trom  the  explosive  shatge  a'  was  the  outer  surface  ot  the 
model.  Transducer  response  was  tradVanitted  through  dillcrential  amplifiers  and  displayed 
on  a dual-lxani  oscilloscope.  where  it  was  photographed . It  was  considered  advantageous  to 
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use  two  transducer  systems  so  that  the  validity  of  pulse  characteristics  could  be  ascertained 
by  noting  the  similarity  in  response  of  the  two  independent  monitoring  systems. 

The  output  of  the  piezoelectric  transducers  was  displayed  on  an  oscilloscope  and  re- 
corded photographically  by  a Polaroid  camera.  The  oscilloscope  was  triggered  by  a small 
breakwire  wrapped  around  the  charge.  The  breaking  of  the  wire  by  the  explosion  generated 
a pulse  which  energized  the  oscilloscope  for  a single  sweep.  In  initial  tests,  a time-delay 
pulse  generator  was  not  available,  so  the  sweep  speed  of  the  oscilloscope  had  to  be  such  that 
transducer  response  to  shock  overpressure  was  appropriately  displayed  during  the  single 
sweep.  In  later  tests,  by  using  a delayed  trigger  pulse,  it  was  possible  to  eliminate  the  initial 
straight-line  portion  of  the  display  and  obtain  greater  detail  of  shock-pulse  characteristics. 

Full-Size  NEMO  Capsules 

Testing  of  the  full-size  NEMO  Mod  2000  capsule  took  place  in  a 12-lt-diameter.  100- 
It-deep.  water-filled  well  located  on  the  premises  of  Southwest  Research  Institute  (Fig.  HO. 
The  test  specimen  was  securely  wrapped  with  Nylon  webbing  and  suspended  within  a steel 
cage  by  means  of  steel  cables  (Fig.  1 1 ).  The  cage  itself  was  kept  suspended  at  50  ft  depth  by 
means  of  a cable  attached  to  a large  mobile  crane. 

lor  the  first  three  shots,  the  explosive  I Fig.  12)  was  held  above  the  test  specimen. 

For  the  subsequent  two  tests  it  was  placed  below  the  test  specimen.  C hanging  the  location 
of  the  explosive  was  made  necessary  by  the  generation  of  large  downward  force  upon  the 
crane  by  pressure  waves  radiating  from  explosive  held  above  the  specimen.  When  the  explo- 
sive was  placed  below  the  specimen,  the  pressure  wave  would  tend  to  decrease  the  load  on 
the  crane,  rather  than  increase  it. 

Instrumentation  consisted  of  two  electric  resistance  strain  gages  and  two  pressure- 
sensitive  transducers.  The  strain  gages  were  mounted  on  the  interior  of  the  hull  midway  be- 
tween the  polar  inserts  and  directly  below  the  explosive. 

• The  pressure  transducers.  PCB  Model  I I M2.'  acceleration-compensated  ultra-rigid 
quartz  element  pressure  probes  with  built-in  amplifiers,  were  positioned  the  same  distance 
from  the  explosive  charge  as  the  apex  of  the  test  specimen  ( t ig.  1 5).  Pressure  gage  outputs 
were  displayed  on  a Tektronix  Model  454  split-beam  oscilloscope,  and  strain  gape  outputs 
vveie  displayed  on  a Tektronix  Model  502  dual-beam  oscilloscope.  Both  scopes  were  set  to 
trigger  in  a single  sweep  mode,  with  She  trace  being  recorded  on  Polaroid  film.  A small- 
diameter  breakwire.  wrapped  around  the  charge,  broke  when  the  charge  detonated,  thereby 
creating  a voltage  change  and  triggering  the  oscilloscopes,  the  scope  sweeps  were  delayed  by 
a time  slightly  less  than  the  time  required  for  an  acousp  pulse  ui  wafer  to  travel  the  distance 
between  the  charge  and  the  apex  of  the  model. 

TEST  PROCEDURE 

Scale-Size  NEMO  Capsules 

Each  of  the  scale-size  Nl  MO  capsules  were  tested  individually  Since  the  objective 
of  the  testing  program  for  scalc-si/c  capsules  was  to  determine  the  effect  of  the  depth  and 
capsule  shell  thickness  on  the  resistance  of  capsules  to  damage  caused  by  dynamic  overpres- 
sure. some  of  the  test  parameters,  like  sizes  of  explosive  charges  and  standoff  distances,  were 


kept  constant.  The  sizes  of  charges  chosen  were  1.1. 8.2  and  14.6  grams.  Standoff  distances 
were  set  at  48.  36.  24  and  1 2 in. 

Tlte  procedure  (Tables  2 and  3)  followed  during  testing  of  any  given  test  pecimen 
was  to  start  with  the  smallest  charge  (1.1  grams)  placed  at  the  longest  standoff  distance  (48 
in.).  If  no  damage  to  the  test  specimen  was  observed,  an  identical  charge  would  be  placed  at 
the  next  shorter  standoff  distance  (36  in.).  The  standoff  distances  chosen  for  each  shot  were 
progressively  shorter  until  the  shortest  standoff!  1 2 in.)  was  reached. 

If  the  smallest  charge  did  not  initiate  failure  of  the  test  specimen  at  the  shortest 
standoff  distance,  the  next  larger  charge  (8.2  grams)  would  be  placed  at  the  longest  standoff. 
The  larger  charges  would  be  set  off  following  the  test  procedure  already  described  for  the 
smallest  charge.  If  the  larger  charge  did  not  initiate  cracks  at  the  shortest  standoff,  the  series 
of  tests  would  be  repeated  again,  utilizing,  however,  the  largest  charge  ( 14.6  grams). 

The  l5-in.-Ol)  by  l4-in.-ll)  scale-size  NEMO  test  sp-  cimens  were  tested  at  simulated 
depths  of  10.  100.  or  1000  ft.  The  10-ft  depth  represented  the  typical  surface  cruising  depth 
of  a submersible,  while  1000  ft  represented  maximum  operational  depth  of  NEMO  capsules 
with  t/R0  - 0.067  ratio. 

The  1 5-in.-Ol)  by  1 3-in.-ID  scale-size  NliMO  test  specimens  were  tested  at  depths  of 
10,  100,  or  2000  ft.  Here  again.  10  ft  represented  the  typical  surface  cruising  depth,  while 
1000  and  2000  ft  represented  depths  of  typical  deep  submergence  operational  missions. 


Full-Size  NEMO  Capsules 

The  test  procedure  for  full-size  capsules  (Table  4)  differed  from  the  test  procedure 
used  tor  scale-size  capsules.  While  for  scale-size  capsules  both  the  size  of  the  charge  and  the 
standoff  distance  were  experimental  variables,  for  the  full-size  capsule  only  the  charge  size 
was  varied,  while  the  standoff  was  held  constant  at  52.8  in.  This  standoff  distance  was  deter- 
mined by  multiply  mg  the  shortest  standoff  d Stance  of  1 2 in.  by  66  1 5,  the  ratio  representing 
the  relationship  between  the  size  of  the  full-size  Nl-MO  and  that  of  the  scale-size  Nl-MO, 

The  charge  weights  used  against  the  full-size  NEMO  capsule  were  I I.  5.6.  14.5, 

166.0.  3K7.S.  and  688.6  grants.  The  first  three  charges  were  of  the  same  weight  as  those  used 
in  the  explosive  testing  at  scale-size  NTMO  capsules.  They  were  used  primarily  to  calibrate 
pressure  transducers  and  siram  g3ge  readout  equipment.  The  last  three  charges  were  scaled- 
up  versions  of  charges  previously  used  against  scale-model  NI  MOv  Thus,  the  160  O.gram 
charge  is  the  valcd-up  version  of  the  I . I -gram  charge,  the  3S?S*gram  charge  is  the  scaled-up 
version  of  4. 6-grrun  charge,  and  the  688. 6-gram  chatgc  is  the  scaled-up  version  of  K. 2 5-gram 
charge.  The  sealed-up  charges  wen-  supposed  to  generate  the  same  peak  overpressures  on  the 
full-scale  NTMO  from  a 0.XRn  standoff  as  were  generated  previously  on  the  scale-size  NT  V 
v apsides  from  a 0.8ro standoff  by  IT-.  4.6*.  and  8. 2 -gram  charges .* 
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TEST  OBSERVATIONS 
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Scale-Size  NEMO  Capsules 

The  testing  of  the  scale-si/e  NEMO  capsules  was  very  destructive  to  the  30-in.  pres- 
sure vessel  in  which  the  testing  was  conducted.  Seals  in  the  vessel  end  closures  as  well  as 
hydraulic  piping  were  repeatedly  damaged.  Because  of  it.  seals  and  hydraulic  fittings  had  to 
be  replaced  every  second  or  third  shot. 

Pressure  transducers  were  also  damaged  repeatedly.  After  several  days  of  testing,  the 
project  ran  out  of  transducers,  and  further  shots  were  conducted  without  any  instrumenta- 
tion. Thus,  for  some  of  the  shots  during  which  the  capsules  failed,  both  the  peak  overpres- 
sure and  the  impulse  intensity  had  to  be  calculated,  i here  is.  however,  a very  high  confidence 
in  the  calculated  values,  since  it  was  found  that  during  the  shots  in  which  instrumentation 
functioned,  the  correlation  between  calculated  and  experimental  values  was  quite  good 
d igs.  14.  15,  lb.  and  I7j. 

Failure  of  nuniel-si/e  Nl-.MO  capsules  was  manifested  by  formation  of  either  tensile- 
or  flexure-type  cracks.  As  a rule,  the  flexure  cracks  were  present  on  the  interior  surface  of 
the  equator  directly  facing  the  charge,  on  the  opposite  side,  or  on  both  sides,  while  the  ten- 
sile cracks  extended  radially  from  the  edges  of  penetrations.  If  the  underwater  explosion 
was  severe,  there  would  be  several  long  flexure-type  cracks  joined  together  in  a form  of  a 
star.  v>*ry  similar  in  appearance  to  the  pattern  of  cracks  observed  m spherical  sector  windows 
under  point  impact  loading  t Ref.  Ibl.  Severe  explosions  would  also  generate  tensile  meridio- 
nal cracks  at  the  penetrations. 

Eight  damage  was  observed  on  test  specimens  J and  2h  t Figs,  18  and  l‘>).  In  both 
cases,  there  were  only  one  or  two  small  flexure  cracks  at  the  equator,  no  leakage  of  water 
took  place  and  the  capsule  was  considered  to  have  withstood  the  explosion  without  endan- 
gering its  potential  e-irgo.  These  capsules  could  have  completed  their  mission  successfully. 

Medium  severe  damage  was  noted  on  test  specimens  M and  24  (Figs.  20  and  2 1 1.  In 
both  cases,  there  were  several  short  flexure*  cracks  present  at  the  equator  and  at  least  one 
long  tensile  crack  at  the  penetration.  Only  . few  drops  of  water  leaked  into  the  interiors  of 
the  capsules,  but  not  m sufficient  quantity  t<  endanger  she  potential  cargo.  Still,  the  mis- 
sions of  the  capsules  would  have  to  tv  terminated  immediately  to  avoid  endangering  the 
crew. 

Very  sex  eve  damage  was  observed  on  test  specimens  K and  25  (Figs.  22  and  25).  In 
both  caws,  a large  star-shaped  flexure  crack  at  the  equator  and  several  tensile  clacks  radiating 
from  penetrations  were  produced.  Because  of  the  many  crocks,  water  leak  into  the  interi- 
ors ot  these  two  capsules.  Then*  would  have  been  severe  jeopard)  for  am  cargo.  It  is  very 
probable  that  capsules  in  such  condition  could  not  return  from  their  unsworn  since  they 
would  fill  with  water  prior  to  reaching  the  muthe.  ship. 

F'ull-Si/c  NEMO  Capsule 

The  ful!-si/e  Nl  MO  capsule  withstood  ail  the  explosions  without  initiation  of  cracks 
in  the  acrylic  plastic  However,  during  the  last  three  shots,  slu*  capsule  was  torn  loose  from 
its  fastenings.  On  the  last  shot,  the  capsule  broke  tree  of  its  0 25-m.  steel  cable  netting  ami 


rose  rapidly  to  the  surface  of  the  well  shaft,  where  it  struck  a protruding  steel  beam.  The 
point  impact  broke  off  a large  chip  from  the  capsule  surface,  thus  terminating  any  further 
tests  on  this  capsule  (Fig.  24). 

Dynamic  strains  measured  on  the  interior  of  the  capsule  facing  the  387.8-gram  charge 
indicated  considerable  tension  immediately  followed  by  compression  of  approximately  the 
same  magnitude  (Fig.  25).  Still,  the  strains  were  not  of  such  magnitude  as  to  suggest  failure 
during  the  following  6X8.b-gm  shot. 

Dynamic  pressure  readings  were  obtained  only  with  the  initial  two  small  charges 
(Figs.  2b  and  27).  No  experimental  pressure  readings  were  obtained  with  the  following  four 
larger  charges  because  the  breaking  loose  of  the  capsule  destroyed,  in  every  case,  the  pressure- 
pickups  and  associated  wiring.  However,  such  a good  correlation  was  obtained  between  the 
experimental  and  calculated  peak  overp Assure  values  during  the  initial  shots  that  peak  over- 
pressures for  the  last  three  shots  couid  be  calculated  with  confidence. 


DISCUSSION  OF  TEST  RESULTS 

Although  the  data  generated  during  the  testing  program  are  far  from  complete, 
several  definite  relationships  between  the  force  of  explosion  and  capsule's  resistance  to  fail- 
ure can  be  formulated. 

EFFECT  OF  SHELL  THICKNESS 

It  appears  that  the  resistance  to  fracture  of  acrylic  plastic  spheres  subjected  to  under- 
water explosions  is  directly  related  to  shell  thickness,  provided  that  the  method  of  construc- 
tion and  outside  radius  remain  the  same.  This  postulate  is  based  on  the  observation  that  to 
initiate  cracking  m l-in.-thick  scale-size  NEMO  capsules  required  a unit  impulse  and  peak 
dynamic  overpressure  twice  as  large  as  thov.'  required  to  produce  similar  results  in  0.5-in.- 
thick  capsules.  Both  tests  were  conducted  at  the  same  depth.  For  example,  test  specimen 
No.  26  with  a 0.5*in.'thick  wall  failed  at  1000  ft  under  0.1  psi.-sec  unit  impulse  ami  28t6  pm 
peak  dynamic  overpressure,  while  test  specimen  No.  K with  I t)  m.-tluck  wall  required  0 2 Qb 
psi-scc  unit  impulse  and  ('Hh  psi  jvak  dynamic  overpressure  tv.  initiate  cracking  at  the  satin- 
depth.  A similar  relationship  can  be  seen,  although  less  clearly.  between  specimen  No.  25 
and  No.  M. 


EFFECT  OF  DEPTH 

The  data  show  quite  clearly  that  the  resistance  to  Iracturc  ot  aery  its  plastic  spheres 
subjected  to  underwater  explosions  increases  significantly  with  depth  Tins  conclusion  is 
based  on  the  observation  that  it  required  a 5 to  5 times  target  peak  overpressure  and  unit  im- 
pulse to  fracture  an  identical  test  specimen  at  1000  fi  depth  than  it  did  at  tO  ft.  For  exam- 
ple. test  specimen  No.  M failed  at  10  ft  depth  under  0 045  pvi-vc  unit  impulse,  and  1454  psi 
peak  dynamic  overpressure,  while  test  specimen  No.  K at  1000  It  depth  required  0 2 Ob  psi- 
sce  unit  impulse  and  6 1 "’6  pxi  peak  dynamic  overpressure  to  gene,  ate  a fracture.  Similar  re- 
lationship can  Iv  seen  between  specimen  No.  25  and  No.  2 b 
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EFFECT  OF  SCALING 


There  are  insufficient  experimental  data  to  establish  the  validity  of  using  scale-size 
models  for  determining  the  resistance  of  full-size  NEMO  capsules  to  underwater  explosions. 
The  few  data  points  generated  during  the  study  seem  to  indicate,  however,  that  extrapolating 
data  from  scale-size  models  is  on  the  conservative  side  and.  thus,  acceptable.  This  conclusion 
is  based  on  the  observation  that  the  full-size  NEMO  capsule  did  not  crack  when  subjected  to 
peak  dynamic  overpressure  of  4927  psi  generated  by  a 688. 56-grn  charge  with  0.8RQ  stand- 
off, while  the  same  peak  dynamic  overpressure  generated  by  a scaled-down  charge  of  8.2  gm 
with  0.8  rQ  standoff  would,  without  a doubt,  have  cracked  the  1 5-in.-OD  by  13-in.-ID  scale- 
size  NEMO  capsule. 


EFFECT  OF  MOUNTING 


During  the  testing  of  model-size  capsules,  there  was  no  problem  with  retaining  the 
capsules  inside  the  test  jig  to  which  they  were  mounted.  The  mounting,  which  consisted  of 
chicken  wire  mesh  wrapped  around  the  capsule  and  fastened  securely  with  wires  to  the  jig 
frame,  was  substantial  and  capable  of  withstanding  the  thrust  exerted  upon  the  capsule  by 
dynamic  pressure.  This  was  not  the  case  with  the  full-size  NEMO  capsule.  Although  the 
nylon  netting  was  substantial,  and  the  net  was  fastened  to  the  frame  with  0.25-in.  steel 
cables,  the  thrust  exerted  by  dynamic  pressure  upon  the  66-in.-diametcr  capsule  was  much 
higher  than  what  the  cables  could  withstand  As  a result,  the  capsule  was  torn  loose  from  its 
mounting  during  the  firing  of  shots  No.  4,  5,  and  6.  (Table  4) 

The  beneficial  effect  of  depth  on  the  resistance  of  pressure  hulls  to  dynamic  over- 
pressure has  been  previously  observed  in  other  brittle  materials  besides  acrylic  plastic,  mate- 
rials whose  tensile  strength  is  significantly  less  than  their  compressive  strength.  e.g„  glass, 
ceramics,  and  concrete.  The  beneficial  effect  of  depth  derives  its  action  from  the  compres- 
sive membrane  prestressing  imposed  on  the  hull  by  the  static  external  pressure  loading.  The 
compressive  prestress  must  be  overcome  by  the  tensile  flexure  stress  generated  by  the  under- 
water ‘'xplosion  before  the  brittle  material  can  fail  in  tension  on  the  interior  surface  of  the 
hull. 

Needless  to  say,  imposing  compressive  prestress  on  the  hull  by  static  external  pressure 
has  its  limits  for  all  brittle  materials.  The  limit  for  the  beneficial  depth  effect  is  reached  when 
the  material  in  the  pressure  hull  begins  to  fail  during  dynamic  pressure  loading  in  compression 
rather  than  in  tension.  This  happens  when  the  sum  of  tlic  dynamic  compressive  stress  (equal 
in  magnitude  to,  and  following  immediately  after,  the  tensile  flexure  stress  phase  1 and  static 
compressive  stress  exceeds  either  the  yield  or  ultimate  compressive  strength  (depending  on 
which  one  is  the  smaller  value)  of  the  brittle  material. 

For  acrylic  plastic  hulls  designed  to  fail  by  general  plastic  instability,  the  maximum 
allowable  depth  for  static  precompression  purposes  is  approximately  25  to  30  percent  ol 
their  short-term  critical  pressure  (based  on  compressive  strains  generated  in  the  hull  after  8 
hours  of  sustained  loading  at  maximum  operational  depth).  Since  the  maximum  operational 
depth  of  acrylic  hulls  is,  as  a rule,  set  at  25  to  30  percent  of  their  short-term  critical  pressure, 
the  beneficial  depth  effect  is  active  through  the  whole  depth  range  of  operations  for  acrylic 
submersibles. 


✓ 


The  breaking  loose  of  the  full-size  NEMO  from  its  mounting  as  a result  of  under- 
water explosion  points  up  to  a very  serious  practical  problem  for  a submersible  containing  a 
NEMO  capsule.  It  appears  that  unless  the  NEMO  capsule  is  restrained  in  some  very  ingenious 
manner,  the  primary  damage  to  the  acrylic  capsule  will  be  caused  either  by  impact  against 
the  framework  of  the  submersible  after  the  capsule  has  broken  loose  from  a weak  mounting, 
or  by  excessive  dynamic  stresses  generated  by  very  strong,  but  rigid  mounting.  Since  the 
NEMO  capsules  are  generally  attached  to  the  submersible  framework  by  their  metallic  end 
closures,  it  is  highly  probable  that  when  subjected  to  a severe  underwater  explosion,  the 
capsule  will  crack  around  the  penetrations  because  of  unacceptably  high  bearing  stresses. 

For  this  reason,  it  is  desirable  that  the  capsule  also  be  supported  at  other  locations  by  large 
elastomeric  pads  that  would  tend  to  distribute  and  absorb  some  of  the  capsule’s  thrust 
caused  by  impulse  loading. 

FINDINGS 

! nv..  ic  plastic  spherical  pressure  hulls  will  fracture  when  exposed  to  undei water 
explosions  whose  peak  dynamic  overpressure  may  be  less  than  the  static  critical  pressure  of 
the  hull. 

2.  Underwater  explosions  generate  cracks  primarily  on  the  interior  surface  of  the 
sphere  at  locations  directly  facing  and  opposite  the  charge. 

3.  Cracks  on  the  interior  surface  of  the  sphere  indicate  localized  external  dynamic 
pressure  loading,  very  similar  to  a mechanical  point-impact  loading  (Ref.  16). 

4.  Dynamic  strains  measured  on  the  interior  shell  surface  facing  the  charge  alternate 
rapidly  from  tension  to  compression. 

5.  Increasing  the  thickness  of  the  acrylic  plastic  sphere  also  increases  its  resistance 
to  underwater  explosions:  doubling  the  thickness  appears  to  double  the  unit  impulse  and 
peak  dynamic  overpressure  required  for  crack  initiation. 

6.  Increasing  the  depth  of  operation  also  increases  the  resistance  of  the  acrylic 
plastic  sphere  to  underwater  explosions:  increasing  the  depth  by  1000  feet  appears  to  at 
least  triple  the  unit  impulse  and  peak  dynamic  overpressure  required  for  crack  initiation. 

7.  Mountings  for  acrylic  plastic  spheres  tend  to  fail  sooner  than  the  spheres  them- 
selves when  subjected  to  underwater  explosions. 

CONCLUSIONS 

Submersibles  with  NEMO- type  acrylic  plastic  spherical  hulls  can  successfully  with- 
stand underwater  explosions  of  considerable  magnitude.  Increasing  the  depth  of  operation 
significantly  increases  the  resistance  of  spherical  acrylic  plastic  hull  to  underwater  explosions. 


i 
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RECOMMENDATIONS 


Operational 

Submersibles  with  spherical  acrylic  plastic  pressure  hulls  should  not  be  exposed  to 
underwater  explosions  of  such  magnitude  that  cracks  will  be  initiated  in  the  hull,  or  the 
whole  hull  torn  away  from  its  mounting  in  the  submersible  structure.  This  means  that  (a) 
the  explosive  charges  in  cable  cutters  or  stud  drivers  carried  routinely  by  an  acrylic  plastic 
submersible  should  not  exceed  a certain  size  if  the  tools  are  to  be  activated  in  the  immediate 
vicinity  of  the  submersible,  and  (b)  the  submersible  should  not  be  involved  in  search  missions 
for  unexploded  underwater  ordnance  whose  warhead  exceeds  a critical  size  for  given  under- 
water visibility  (i.e.,  good  visibility  allows  discovery  of  an  unexploded  item  of  ordnance  with- 
out getting  close  to  it,  while  poor  visibility  requires  the  submersible  to  be  almost  in  physical 
contact  with  the  item  of  ordnance  before  it  is  recognized  as  such). 

The  maximum  sizes  of  permissible  explosive  charges  for  work  tools  or  devices  carried 
routinely  by  a work  submersible  have  been  calculated  ( Ref.  1 4)  on  the  basis  of  the  largest 
charge  used  in  the  testing  program  against  full-size  NEMO  Mod  2000  at  50  ft  depth  that  did 
no  damage  to  the  hull  or  its  mounting  (Shot  No.  3 of  Table  4).  Charges  equal  to.  or  less  than 
those  shown  in  Fig.  28  can  be  used  repeatedly  in  performance  of  work  missions  in  the  10-  to 
3000-ft  depth  range  by  a submersible  equipped  with  NEMO  Mod  2000  (Ref.  1 1 ) or  2000B 
hull  (Ref.  12  )(t/R0  >>0.121). 

The  minimum  safe  standoff  distance  for  missions  involving  search  and/or  disposal  of 
underwater  ordnance  have  been  calculated  ( Ref.  10)  on  the  basis  of  the  largest  charge  used 
in  'he  testing  program  against  full-size  NEMO  Mod  2000  at  50  ft  depth  that  did  no  damage 
to  the  hull  but  considerable  damage  to  the  capsule  mounting  (Shot  No.  ts  of  Table  4). 
Standoff  distances  equal  to  or  larger  than  those  shown  in  Fig.  20  must  be  maintained  be- 
tween the  submersible  with  NEMO  Mod  2000  or  2000B  hull  and  the  unexploded  underwa- 
ter ordnance  in  the  50-  to  3000-ft  depth  range  if  fracture  of  the  acrylic  hull  due  to  explo- 
sion is  to  be  avoided.  The  standoff  distances  shown  in  Fig.  20  arc  very  conservative  for 
depths  in  excess  of  1000  ft. 

It  is  understood,  however,  that  unless  a mounting  is  provided  that  is  capable  of  re- 
straining the  NEMO  Mod  2000  hull  against  a thrust  of  at  least  I0('  lb.  the  hull  may  be  torn 
loose  from  its  mounting  when  subjected  to  the  explosions  and  standoff  distances  shown  in 
Fig.  2‘>. 


Design 


Typical  mountings  for  work  submersibles  with  NEMO  Mod  2000  or  2000B  acrylic 
hulls  are  generally  configured  (Fig.  30)  to  w ithstand  forces  generated  only  by  vertical  buoy- 
ancy' or  dead  weight  and  horizontal  hydrodynamic  drag  of  the  sphere.  The  magnitudes  of 
these  forces  are  low.  approximately  3000  lb  vertical  static  loree  and  1000  lb  horizontal  drag. 
Since,  however,  the  submersible  is  also  subjected  to  dynamic  forces  during  docking  and  re- 
trieval. a well-designed  mounting  will,  as  a m.niinuin.  restrain  an  ae.yiic  huil  against  100.000 
lb  of  downward  thrust.  100.000  lb  horizontal  thrust,  and  10.000  lb  vertical  pull  (for  some 
types  of  mountings  the  vertical  pull  is  als^  about  I QG.Q00  lb). 
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Unfortunately,  even  well-designed  mountings  for  typical  work  missions  do  not  pro- 
vide adequate  restraint  against  severe  underwater  explosions  at  the  standoffs  plotted  in  Fig. 
29.  To  withstand  the  thrust  of  severe  explosions,  the  mountings  must  be  designed  with  this 
specific  objective  in  mind.  Unfortunately,  proven  mounting  designs  do  not  exist  at  the 
present  time  for  submersibles  with  acrylic  spheres  routinely  engaged  in  missions  in  which 
severe  underwater  explosions  may  be  encountered.  A conceptual  design  for  such  service  has 
been  prepared,  however,  and  is  shown  in  Fig.  3 1 . 

Although  Figs.  28  and  29  have  been  developed  specifically  for  NEMO  Mod  2000  and 
2000B  acrylic  plastic  hulls,  they  are  also  applicable  to  other  acrylic  spheres  with  t/R0  > 

0.1 2.  There  is  sufficient  structural  similarity  between  spheres  and  spherical  sectors  with 
included  angle  a > 1 20°  to  make  Figs.  28  and  29  applicable  also  to  spherical  acrylic  plastic 
sector  bow  wind*.  *vs  in  submersibles.  Some  experimental  data  exist  which  confirm  this 
bel'-f. 
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'Sifwrf  o»i  ctptHmtnul  data  from  pmiaut  uuthct  sftcft.  J.  1 1) 


TABLE  2.  RESISTANCE  OF  l5-in.-O.D.  BY  14-in.-l.D.  NEMO  SCALE 
MODELS  TO  DYNAMIC  PRESSURE  IMPULSES 


I 


f,V 


Size 

of 

Charge,  grams 


1.1 


Model  25 

Model  24 

Model  26 

10  ft  Depth 

1 00  ft  Depth 

1 000  ft  Depth 

Standoff,  in. 


48 

36 

24 

12 

48 

36 

24 

12 

48 

36 

24 

12 

48.* 

48 

48 

1 035 . psi  peak 

36 

36 

overpressure 
0.033  psi-sec 

24  ** 

24 

unit  impulse 

Severe  cracking  of 
hull  at  equator 
facing  and  opposite 
charge;  also  severe 
radial  cracks 
around  the  pene- 
trations 
(Fig.  231 

2250.  psi  peak 
overpressure 
0.067  psi-sec 
unit  impulse 

Minor  meridional 
cracks  near  pene- 
trations facing  and 
opposite  charge. 
(Fig.  21) 

4K 

36 
24  • 

2816  psi  peak  overpressure 
0,1  psi-sec  unit  impulse 

Small  crack  on  equator 
opposite  charge. 

(Fig.  Id) 

Wet  • The  tUnJaff  n WfCta'eJ  hftu yeit  ffce  H/t  .*</  f (kitfc  4*4  ihr  mrfcrr  af  ikr  \tiM0 

• f xphwir  utrU  It  ftfil  rtpliHtir  xompntfj  af  tit  WTV  chJ  ^ W 

• Aiifufr  ii  tnjuvtcii  hi  p*rmt<r  nf  twit 

• t»w  pf<swi-|(n  w nelxvli lo)  isiuct 
•fVwoJrt  itfltl  damicr 

atnlium  tnt*r  dimqtt 
*tkrHolci  rerr  kw  dimtfc 
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TABLE  3.  RESISTANC  E OF  15-in.-OT).  BY  1 3-in.-I.l>.  NEMO  SCALE 
MODELS  TO  DYNAMIC  PRESSURE  IMPULSES 


Si/c  of 

Model  M 
1 0 ft  Depth 

Model  K 
1000  ft  Depth 

Model  J 
7000  ft  Diptn 

Charge,  grams 

Standoff,  in. 

1.1 

' 

48 

48 

48 

36 

36 

36 

24 

24 

24 

1 "* 

l > 

12 

s.: 

48 

48 

48 

36  ** 

36 

36 

! 

1434  psi  peak 
overpressure 

0.045  psi-see 
unit  impulse* 

('racks  on  equator 
facing  charge; 
also  radial  crack 
at  the  penetration. 
(Fig.  20) 

24 

24 

14.6 

t 

I 

48 
36 
24 
1 2 * 

6 1 70  p’  * peak 
overpressure 

u 208  im-sec 
unit  impulse 

' Star  shaped  cracks 

48 

3t* 

24 
12  * 

6P0  psi  peak  overpressure 
0.208  ps»*sec  unit 
Small  m.ipient  craeks 

i 

on  equator  facing 
charge.  also  radial 
crack  at  penetration. 
iFig.  22) 

on  equate*  facing  and 
opposite  the  charge. 

dig.  1m 

• fhr  iwwjrtf?  « fteWfitiftS  K tviwn  ik r Up  <»*  Sh<  ih£t&  iht  uiff^r  -*J  thi  \i  Ui> 

• /: \pknnx  uvcJ  « f4*t  yi^Jiviicvi  «»*  *&'■<  Pi  f\  tnj  ***'  f \ f 

• f«  M /Velios  r nf  < to  it 

• Xfeviutfrr  pcremr ?r*t  *#h  < *?7*  .-Icu-J  vch»n 

*\U**>hx  ***&■*»<  *»*r*ir  “ Jr  **»?«"*  nr7<  +r  4cmtfiV 


TABLE  4.  RESISTANCE  OF  66-in.-O.D.  BY  57.90-in.-LD.  FULL-SIZE 
NEMO  MOD  2000  TO  DYNAMIC  PRESSURE  IMPULSES 


r 


Shot 

No. 


Size  of 
Charge,  grams 

Standoff,  in. 

Peak 

Overpressure. 

psi 

Unit 

Impulse 

psi-sec 

Comments 

1.10* 

52.9 

r — i 

435 

0.0074 

No  damage 

5.62* 

52.9 

805 

0.0228 

No  damage 

14.50* 

52.9 

1.150 

0.0436 

No  damage 

169.87* 

52.9 

2.906 

0.2347 

No  damage; 
capsule  broke  loose 
from  test  jig. 

387.77** 

52.9 

3.967 

0.412 

No  damage, 
capsule  broke  loose 
from  test  jig. 

688.56** 

52.9 

i 

1 

4.927 

1 

0.611 

: 

1 

No  damage, 
capsule  broke  loose 
from  test  iig. 

VtMrt  • The  Ucndaff  is  me turn/  between  the  lip  of  the  ekcrge  oul  the  surfuee  of  Ike  Yfc‘.l JO  aj/mile. 

• Explosive  used  is  ecu  explosive  etmtpaied  of  50%  PET\  end  50%  AT 

• Demcte  is  imfieaied  ftv  pretense  of  ercekt 

• Shock  were  { ^rcmeien  ere  ecteutcied  reluct. 

• Ad  sens  «w  eondueietl  01  SO  ft  depth. 

•Expletive  loceted  chare  ike  sepstile. 

“Explosive  heeled  below  ike  ecpsule. 
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,1.  -.in-  HI  V|I  I 11  |V  hull*  loifii  i.<  detrii.  ten  under  d;.  luiuu  mipulve  loading 


APPLICATION 


REVISIONS 


DESCRIPTION 


48-o'±0*-:5' 


5.280 


DATE  I APPROVED 


/ 5.290 


I INCH 
NOMINAL 


. 15.030 
14.970 

SPHERICAL 

DIA 


/^V 

No!0'±  0-15 
SECTION 


4.440 

4.450 


notes:  u 

1.  MATERIAL:  PLEXIGLAS  G,  1.0  INCH  PLATE 

2.  ADHESIVE:  PS-50 

5.  INSERTS  : TOP  OPENING-TYPE  B TITANIUM  HATCH 

WITH  POLYCARBONATE  GASKET 
BOTTOM  OPENING -TYPE  A TITANIUM  HATCH 
WITHOUT  GASKET 


OEPARTkENT  OF  THE  NAVY 
WASHINGTON.  D C »M0 


NEMO  MOD  2000  ACRYLIC  HULL 
15  INCH  NEMO  SCALE  MODELS 
*35*36  i*37 


aaBEBBEl 


‘ 4 \ i 6 s 

Ml'  1 = - 

• 

■<*  : 1 - 

♦ ;««u  ft* 

f **♦ 

♦ ■u?*!  **♦  y 

^.***tt  Si  y 


•%**•.#**«  * 


30879  SK65I4-A-OI3B 


I QP  I 


tUUMtUC-MlO  ?Am2l  (11-711 

I *:  ’I  1 v 3wnrtn*i*t  *-*  3*  n Oil  Hi  I 1 in  111  iij*-  \f  \2il 


Figure  4.  Inserts  for  penetrations  in  lS-in.-ODby  1 3-in. -ID  scale-size  NEMO-type  hulls. 


I 


1 


5.150  IN.  DIA  MODELS  25  AND  26 
4.793  IN.  DIA  MODEL  24 


a = 40°  MODEL  24  / 

a = 43°  MODELS  25  AND  26 


0.5  IN.  NOMINAL 


0 = 40°  MODEL  24 
0 = 43°  MODEL  25 


15.030  IN. 
""'14.970  IN. 

SPHERICAL 

DIAMETER 


5.150  IN  DIA  MODEL  25 
4.793  IN.  DIA  MODEL  24 


SECTION 


1.  MATERIAL:  PLEXIGLAS  G,  0.5  IN.  PLATE 

2.  ADHESIVE:  PS- 18 


i i|iuu*  5.  t)l>U'ol  d't»cn\t>mv «(  1 Sut.-Ol)  lt>  M-w.-IO  valc-M/c  huUv 


UMMHH* 


SECTION  A - A SECTION  A-A 

SIMULATED  HATCH  - TYPE  C INSERT  GASKET 

MATERIAL  316  STAINLESS  STEE L MATERIAL:  POLYCARBONATE  PLASTIC 

I h uic  («  liiw.-fi'.  for  penetration'  in  l5-m.<OD  by  !4-in.-ID  scale-si/e  NLMO-type  hulls. 


»i(h  the  full-M*.  NfcMO  Mod  2f)0n 


Model;  25  NEMO  { 15"  X 14") 
Charge;  8.2  grams 
Standoff:  48  inches 
Hydrostatic  Pressure:  10  psi 


Gage  1 

Gage  2 

Calculated 

Peak  <hock  Overpressure,  psi 

1.020 

1.035 

1.035 

Un>t  impulse,  psi-scc 

0.175 

0.18 

.0325 

Duration,  psec 

1.350 

1.350 

Note  - Model  failed 


l-tfurv  14.  JVaV  (hcvuuc  motored  a)  the  wale-sve  tajuaW  So.  25  ilutiaf  rhe  esplauoo  l tut  fractured  itte  coptulc 

3.' 


gage  1 
gage  2 


2.090  psi/div 
2.040  pii/div 


time  50  psec/dtv 


Model:  NEMO  26  (15- x 14") 

Charge:  14.6  grams 

StandoM:  24"  (gage  1).  26"  (gage  2).  24"  (model) 

Hydrostatic  Pressure:  4&0  psi 

Calculated 


Gage  1 

Gage  2 

Gage  1 

Gage? 

Peak  Shock  Overpressure,  psi 

2.520 

22  50 

2.510 

2.550 

Unit  impulse,  psi  sec 

111 

0654 

101 

094 

Duration,  u uk 

SO 

/5 

Note  Model  tailed  s»ar«  2 was  teritw  hom  model  arsd  charge  than  gage  l and  gwe*  a tower 
than  anticioaUd  value 


I spare  15  flrak  prcsuise  mcasulv-  »■  j^-wJr  \u  2t>  liustnr  Itv  e\f«4<*u.m  that  ttat  lured  tbr  ugnuir 


gage  1 
gage  2 


2.090  psi/d iv 
2.040  psi/d iy 


time  50#i*ec/div  — *- 


Model:  NEMO  J { l S"  X 13") 

C>ia»ge:  14bgtatm 

StandoM;  13"  (gage  1),  12"  (gage  2).  12“  (model) 

Hydfevtatu;  Piewute:  1 .000  p\< 

C aif.iiatet) 


Gage  j 

Gay  i 

Gage  5 

Gage? 

Peak  Shock  Ovetptovwte.  u» 

3.500 

4.450 

3.650 

o.?oo 

Unit  Impulve.  pv-vet 

5?7<* 

tios 

(94 

7 IS 

Dotation. 

SO 

43  3 

Note  Model  failed  Cage  2 given  lowe*  shar.  anticipated  value 


I lfW  Jt*  Peak  |W«Wf  rcvauitrd  at  the  vat-wt  ojwatf  \»  I 4u:inf  :tv  that  Itmigtni  ih,-  tapMale 


Model;  NEMOKUV*  U"} 

Standoff;  t2"  (909c  t)»  13“  (9*9#  2J.  52"  (model) 

Hydt0\ttt*  PtCWtre:  <JSQ  PM 

Calculated 


G*$e  \ 

Ga?e  ? 

C i-t^e  l 

Gase  2 

Peak  Shock  Ove*p»  waits.  pv 

&.2S0 

4 .080 

6.20P 

S.*>60 

U«*t  impoive. 

5SS6 

03S 

?)*> 

304 

O\i<at»o«.p%et 

-*S 

SO 

fieit  Model  failed  Ga$e  2 <Mdi  ip****  lion  *ntk>PHed 


I ’KWf  I 7 Pol  w-swwd  a ‘he  w jir'mrr  *JS"<alr  V»  X Joiwj-  ifar  < *$***,■»  stui  ft*  rated  tlx 


f'cer  being  subjected  tat  depth}  to  a 14.6-gram  charge  at  12  in.  standoff 


t< » ! 4 .(v 


■am  charge  at  4K  in. 


NOTES: 

a)  1/4  m<h  strain  gag#  was  positioned  mV°>nalty  on  ag«x  o*  sph-'<e  Closest  to  point  ot 
detonation 

b)  Gage  output  was  oeorrted  at  two  voltage  deflects  <-v?i*  on  scope  since  strain  level  was 
was  not  known 

c)  7/3  pound  ot  pentotite  was  detonated  S3  inches  from  outer  surface  ot  sphere 

0 Maximum  strain  was  muiDiiiy  930  mtcromches  in  tension  followed  by  an  equal  strain  m 
compression 

e)  Scope  trigger  was  delayed  j '0  microseconds  after  detonation 


fipirc  3$.  tHiuTOK  Miami measured  ne  she  uiicikv  wtlxv  <t(  the  StSIll Mod  3000  sapwle  duevilj 
betow  l be  ctuipc  of  3*7.8  pirn  at  S3  4 in  tiaadoK. 


20  miaoiecoiuls/div 


CMige; 

SUmJpM; 

Dcpih- 

Pejk  M«awret>  PitfVUoi}; 

Mejxgml  Urtit  Impghg 
Peak  PtcvtVi*# 
Caicu'slttf  UH'l  Imi©uIm> 


KS1  E fecit*  8<„vlins  Cap 
4 4 l $ f«l 
SO  E eel 

Uppei  1 ier  if  S04  fHt 
UO.vei  T t««  SO#  Pv 
Nol  tft-adaple 
43s  P« 

fK)  M'j 

No  04W4?C 


l .’<*  IV  «4  ai  iHr  *‘jU  +47#  \l  Mil  M-  ^.-  Jkanwi « a; 

tSar  I 3 -<-:*?-?  jta**:’*  *a°  *arc4  a)  I ,*  I i«  <.'0ani‘--'l 


\1 


**.  i 

in  r 

M 

n I 


I | 


20  microseconds/div 


Charge: 

Standoff: 

Depth: 

Peak  Measured  Pressure: 


.01242  lbs 
4.41  Feet 
50  Feet 

Upper  T race  975  Psi 
Lower  T race  1,012  Psi 
Not  Readable 


Measured  Unit  Impulse:  Not  Readable 

Calculated  Peak  Pressure:  805  Psi 
Calculated  Unit  Impulse:  0.0228  Psi-Sec 
Comments:  Nos  Damage 


Figure  ’7,  Peak  pressure  measured  ,n  the  lullure  M MO  Mod  'imui  supsule 
when  lire  5 67-): rum  charge  u as  lrred  ur  S',1*  m standoff 


HATCH 


EXPLOSIVE 
ACTUATED 
CABLE  ~- 
CUTTER 


CABLE 

ANCHOR 


PENETRATION 

PLATE 


PRETENSIONED 

CABLE 


x FRAME  OF 
Y'  SUBMERSIBLE 


CABLE  TENSIONING 
SCREW 


(o)  SINGLE-POLE  MOUNTING 


I Sfttfv  I if*ml  itumnttnpi  l»»t  M MO  t\$v  hulk  the 

%ntlniit\  j«t4  ix \\*t\  uituNv  k»*  tflcuv  o?  ihc  uj'uiK*  «h«l<r  5hv  m»*uni*n?- 

4 HMIfC  4l(4»htlWnl  l«»  tW  if  JttHT  <MkV1  t i*! 


MODEL J 


Outside  diameter: 

15  in. 

Inside  diameter: 

15  in. 

Shell  thickness: 

0.040  0.080  in. 

Material: 

Plexiglas  G 

Construction: 

Assembly  of  12  thermoformed  pentagons  bonded  with  PS- 
adhesive  (Fig.  5). 

Penetrations:  top 

5.285  in.  minor  diameter  with  48  included  angle 

bottom  4.445  in.  minor  diameter  with  40"  included  angle 

Inserts:  top  Type  B (Fig.  4),  bA14V  titanium 

bottom  Type  A ( big.  4).  (»A  14V  titanium 

Insert  gasket:  top  poly  carbonate  gasket  (Fig.  4) 

bottom  none 

l ife  histor\  Pressure  cycled  1000  times  to  1000  psi  in  tap  water  at  ('t-’4  I 

ambient  temperature.  Typical  pressure  cycle  consisted  of  pressuriz- 
ing to  1000  psi,  holding  at  1000  psi  for  4 hours,  depressurizing  to 
0 psi,  and  relaxing  for  4 hours  at  0 psi. 
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MODEL  K 


Outside  diameter: 
Inside  diameter: 
Shell  thickness: 
Material: 
Construction: 


15  in. 

13  in. 

0.935  - 0.975  in. 

Plexiglas  G 

Assembly  of  1 2 thermoformed  pentagons  bonded  with  PS-30 
adhesive  (Fig.  3) 


Penetrations:  top  - 5.285  in.  minor  diameter  with  48°  included  angle 

bottom  - 4.445  in.  minor  diameter  with  40°  included  angle 

Inserts:  top  - Type  B (Fig.  4)  6A14V  titanium 

bottom  - Type  A (Fig.  4)  6A14V  titanium 

Insert  gasket:  top  - polycarbonate  gasket  (Fig.  4) 

bottom  - none 


Life  history:  - Pressure  cycled  1 000  times  to  1 500  psi  in  tap  water  at  6 1 -74^ 

ambient  temperature.  Typical  pressure  cycle  consisted  of  pressuriz- 
ing to  1500  psi,  holding  at  1500  psi  for  4 hours,  depressurizing  to 
0 psi,  and  relaxing  for  4 hours  at  0 psi. 
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MODEL  M 


Outside  diameter: 

15  in. 

Inside  diameter: 

lo  in. 

Shell  thickness: 

0>>o0  O.OOQ 

Material: 

Plexiglas  Cl 

Construction: 

Assembly  ot‘  12  thermot'ormed  pentagons  bonded  w ith  PS-. 
adhesixe  ( Pig.  5) 

Penetrations:  top 

5.285  in.,  minor  diameter  with  48 

included  angle 

hot  tom 

4.445  in.,  minor  diameter  with  40 

included  angle 

Inserts:  top 

Type  B t l ig.  4>.  OAI4V  titanium 

bottom 

l x pc  A (Pig.  4».  oAI4V  titanium 

Insert  gasket:  top 

poly  carbonate  gasket  t Pig.  4» 

bottom 

none 

! itc  history  : Pressure  cycled  I05o  tunes  to  500  psi  in  lap  water  at  ol-“4  E 

ambient  temperature  l ypical  pressure  cycle  consisted  ot 
prevsiirt/mg  to  500  pst.  holding  at  500  psi  tor  4 hours.  depressurie- 
me  to  0 pv.  and  relaxing  tor  4 hour*  at  0 pst 


MODEL  24 


Outside  diameter: 

15  in. 

Inside  diameter: 

14  in. 

Shell  thickness: 

0.460  - 0.490  in. 

Material: 

Plexiglas  G 

Construction: 

Assembly  of  12  thermoformed  pentagons  bonded  with  PS- 18 
adhesive  (Fig.  5). 

Penetrations: 

top  - 4.793  in.,  minor  diameter  with  40°  included  angle 

bottom  - 4.793  in.,  minor  diameter  with  40°  included  angle 

Inserts:  top  - Type  C (Fig.  6),  3 1 6 stainless  steel 

bottom  - Type  C (Fig.  6).  3 1 6 stainless  steel 

Insert  gasket:  top  - none 

bottom  - none 

Life  history:  -■  Pressure  cycled  1056  times  to  500  psi  in  tap  water  at  61-74°F 

ambient  temperature.  Typical  pressure  cycle  consisted  of  pressuriz- 
ing  to  500  psi.  holding  at  500  psi  for  4 hours,  depressurizing  to 
0 psi,  and  relaxing  for  4 hours  at  0 psi. 


MODEL  25 


Outside  diameter: 

15  in. 

Inside  diameter: 

14  in. 

Shell  thickness: 

0.460  - 0.400  in. 

Material: 

Plexiglas  G 

Construction: 

Assembly  of  12  thermoformed  pentagons  bonded  with  PS-18 
adhesive  (Fig.  5). 

Penetrations:  top 

5.1 50  in.,  minor  diameter  with  43°  included  angle 

bottom 

5. 1 50  in.,  minor  diameter  with  43°  included  angle 

Inserts:  top 

Type  C ( Fig.  6).  3 1 6 stainless  steel 

bottom 

Spherical  shell  sector.  0.5  in.  thick  with  43°  included  angle,  acrylic 
plastic 

Insert  gasket:  top 

polycarbonate  gasket.  (Fig.  o> 

bottom 

none 

Lite  history : Pressure  cycled  1056  times  to  500  p\i  in  tup  water  at  (>1-?4UF 

ambient  temperature.  Typical  pressure  cycle  consisted  of 
pressurizing  to  500  psi.  holding  at  500  psi  for  4 hours,  depressuriz- 
ing to  0 psi.  and  relaxing  for  4 hours  at  0 psi. 
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MODEL  26 


Outside  diameter: 

15  in. 

Inside  diameter: 

Min. 

Shell  thickness: 

0.460  - 0.500  in. 

Material: 

Plexiglas  G 

Construction: 

Assembly  of  12  thermoformed  pentagons  bonded  with  PS-18 
adhesive  (Fig.  5) 

Penetrations: 

top  - 5.150  in.,  minor  diameter  with  43°  included  angle 

bottom  - none 

Inserts: 

top  - Spherical  shell  sector.  0.5  in.  thick  with  43°  included  angle,  acrylic 
plastic 

’ bottom  - none 

Insert  gasket: 

top  - none 

bottom  - none 

Life  history:  ~ Was  not  subjected  to  any  hydrostatic  tests  prior  to  explosive 

testing. 


* 


63 


MODEL  NEMO  2000 


Outside  diameter: 

66  in. 

Inside  diameter: 

57.000  in. 

Shell  thickness: 

4.050  in. 

Material: 

Plexiglass  C. 

Construction: 

Assembly  of  12  thermoformed  pentagons  bonded  with  PS-30 
adhesive  (Fig.  7). 

Penetrations:  top 

23.822  in.,  minor  diameter  with  48° 30'  included  angle 

bottom  21.727  m..  minor  diameter  with  44°  included  anile 

Inserts:  top  Working  hatch,  6061-T6  aluminum  < Appendix  A) 

bottom  pene'.atior  plate.  606I-T6  aluminum  (Appendix  A) 

Insert  gasket:  top  polycarbonate  gasket  t Appendix  A) 

bottom  polycarbonate  gasket  (Appendix  A) 

Lite  history:  Pressure  cycled  one  time  each  to  450  psi,  lHH)  psi.  i 550  psi  and 

1800  psi.  Each  pressure  cycle  consisted  of  pressurizing  to  maxi- 
mum pressure,  holding  at  that  pressure  tor  24  hours,  depressurizing 
to  0 psi.  and  relaxing  for  24  hours  at  0 psi. 


eduction. 


■production 


